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The crystal structure of the catalytic domain of bovine b1,4-galactosyl-
transferase (Gal-T1) co-crystallized with UDP-Gal and MnCl2 has been
solved at 2.8 Å resolution. The structure not only identifies galactose, the
donor sugar binding site in Gal-T1, but also reveals an oligosaccharide
acceptor binding site. The galactose moiety of UDP-Gal is found deep
inside the catalytic pocket, interacting with Asp252, Gly292, Gly315,
Glu317 and Asp318 residues. Compared to the native crystal structure
reported earlier, the present UDP-Gal bound structure exhibits a large
conformational change in residues 345–365 and a change in the side-
chain orientation of Trp314. Thus, the binding of UDP-Gal induces a con-
formational change in Gal-T1, which not only creates the acceptor binding
pocket for N-acetylglucosamine (GlcNAc) but also establishes the binding
site for an extended sugar acceptor. The presence of a binding site that
accommodates an extended sugar offers an explanation for the obser-
vation that an oligosaccharide with GlcNAc at the non-reducing end
serves as a better acceptor than the monosaccharide, GlcNAc. Modeling
studies using oligosaccharide acceptors indicate that a pentasaccharide,
such as N-glycans with GlcNAc at their non-reducing ends, fits the site
best. A sequence comparison of the human Gal-T family members indi-
cates that although the binding site for the GlcNAc residue is highly con-
served, the site that binds the extended sugar exhibits large variations.
This is an indication that different Gal-T family members prefer different
types of glycan acceptors with GlcNAc at their non-reducing ends.
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Introduction

b1,4-Galactosyltransferase-I (Gal-T1; EC 2.4.1.90/
38) is a Golgi resident, type II, transmembrane
protein which transfers galactose (Gal) from UDP-
Gal to a N-acetylglucosamine (GlcNAc) residue,
generating a b1-4-linkage between Gal and
GlcNAc.1 Although it efficiently transfers Gal to
the monosaccharide GlcNAc, oligosaccharides
with GlcNAc at their non-reducing end are pre-
ferred, indicating the presence of an extended

oligosaccharide binding site on Gal-T1.2 In
humans, a family of b1,4-galactosyltransferase
(Gal-T) enzymes has been identified, which to
date consists of at least seven members, Gal-T1 to
Gal-T7.3 – 5 These family members, which have
tissue-specific expression, exhibit significant
sequence identity and are involved in a variety of
cellular processes. For example, Gal-T6 is more
abundantly expressed in adult brain tissues and
involved in lactosylceramide synthesis, while
Gal-T7 is widely expressed in many tissues and is
involved in proteoglycan synthesis. These enzymes
differ from each other in their sugar acceptor speci-
ficity, although they all transfer Gal from UDP-
Gal.4 Gal-T6 and Gal-T7 transfer Gal to Glc and
Xyl, respectively, whilst the remaining family
members transfer Gal to GlcNAc linked at the
non-reducing end of different oligosaccharides.
Hence, these family members, Gal-T2 to Gal-T5,
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are expected to differ from Gal-T1, mainly at their
oligosaccharide binding sites. In order to under-
stand the structure–function relationship of Gal-T
family members, a structural investigation of the
oligosaccharide binding site of Gal-T1 is important.
In the earlier crystal structure of Gal-T1,6 the oligo-
saccharide binding site on the enzyme (see below)
could not be clearly identified.

An interesting feature of Gal-T1 is that its sugar
acceptor specificity is altered by a-lactalbumin
(LA) from GlcNAc to the monosaccharide glucose
(Glc), resulting in the synthesis of lactose.7 LA is a
mammary gland-specific protein expressed only
during lactation. It is also closely related to C-type
lysozyme.8 Our crystal structure analyses of Gal-
T1·LA complexes have clearly identified the
UDP·Mn2þ, GlcNAc, Glc and LA binding sites on
Gal-T1.9 These studies clearly identified the mono-
saccharide acceptor binding site on Gal-T1. Since
LA was bound to Gal-T1 at the oligosaccharide
acceptor binding site, an observation supported by
kinetic studies,10 the oligosaccharide binding site
could not be identified clearly. These studies also
could not identify the binding site for the donor
sugar galactose on Gal-T1, since the Gal moiety in
UDP-Gal was hydrolyzed during crystallization of
the Gal-T1·LA·UDP-Gal complex.9 It has also been
shown that Gal-T1 can transfer a variety of sugars,
besides Gal from their UDP derivatives, albeit at
lower efficiency;11 hence, to better understand the
donor sugar specificity of Gal-T1, it was deemed
important to acquire information about the binding
of Gal moiety.

Even though spectroscopic studies have demon-
strated that in the absence of LA, Gal-T1 undergoes
a conformational change upon UDP-Gal binding,12

it was not until the crystal structure of the complex
of Gal-T1·LA was determined that the detailed
conformational change could be described.9 These
structural investigations suggested that Gal-T1,
upon substrate binding, undergoes a confor-
mational change that facilitates LA binding to
form the Gal-T1·LA complex. In this conforma-
tional change, the secondary structure for residues
from 358 to 365 also undergoes a change from coil
to helix, and only in the helix conformation do
these residues interact with both the LA and the
acceptor molecules. Since LA strongly interacts
with these residues in the Gal-T1·LA complex,
even in the absence of the acceptor,9 it raises the
possibility that this change in the secondary struc-
ture may have been due to LA binding. In order
to determine the conformational changes that are
caused by substrate binding, and to identify the
donor galactose, as well as the extended sugar
acceptor binding sites, it is necessary to determine
the crystal structure of Gal-T1 in the absence of
LA, but in the presence of its substrates. These
objectives have been achieved in the present study
in which we describe the crystal structure of
Gal-T1 co-crystallized with UDP-Gal and MnCl2.

Results and Discussion

Crystallization and diffraction of C342T-Gal-
T1·UDP-Gal complex

Our efforts to crystallize the native Gal-T1 in the
absence of substrates were unsuccessful. Although
in the presence of UDP-Gal and MnCl2 we were
able to grow single crystals, they diffracted only to

Table 1. Statistics for data collection and refinement

Wavelength used during data collection (Å) 0.98
Cell dimensions (Å) a ¼ 49:7; b ¼ 88:7; c ¼ 140:9
Resolution range (Å) 20–2.8
Space group P212121

No. of observations 58,965
No. of unique reflections 15,985
Rsym(%) (outermost shell)a 17.6(65)
Completeness (%) (outermost shell)a 98.9 (93)
I/s(I ) (outermost shell)a 8.2 (1.7)
Crystallographic R-factor (%) (Rcryst) 21.6
Free R-factor (%) (Rfree)

b 28
Deviations from ideality

Bond lengths (Å) 0.009
Bond angles (deg.) 1.6
Dihedral angles (deg.) 24.6
Improper angles (deg.) 1.0

Number of protein atoms 2210 atoms per each molecule
Number of molecules per asymmetric unit 2 (related by a pseudo-2-fold)c

Average B-factor statistics (Å2)
Protein atoms 35.2
Solvent atoms (54 in total) 38.8
UDP-Gal atoms (72 in total, 1/monomer) 51.5
Mn2þ (2 in total, 1/monomer) 41.9

a 3.0–2.8 Å.
b Rfree is equal to Rcryst for a randomly selected 5% of reflections, not used in refinement.
c During the entire refinement the two molecules in the asymmetric unit were restrained using this pseudo-2-fold symmetry.
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Figure 1. (a) Molecular structure of the Gal-T1 crystallized in the presence of UDP-Gal and Mn2þ. The molecule
exists in conformation II where the side-chain orientation of Trp314 and the conformation for the residues 345–365
are different from the native crystal structure of Gal-T16 which is in conformation I (see the text). The secondary struc-
tural elements were determined by PROCHECK36 and are very similar to that of conformation I. Since in conformation
II the region 359–365, forms an a-helix, this helix is named as a6, and the a6 in conformation I is named as a7 in con-
formation II. The UDP-Gal molecule and Mn2þ are not shown. (b) Superposition of the Ca atoms of the present Gal-T1
molecule (blue) and the native crystal structure6 (red). The superposition was carried out only for residues 132–345,
and the mean rmsd value on Ca atoms for this region is 0.5 Å. Even though the residues from 345 to 402 were not
used for the superposition, the residues 365–402 in both the structures are the same, while the residues 345–365
show large disagreement between these two structures. (c) The detailed deviation for the flexible region, residues
345–365, between conformation I (red) and conformation II (blue). The mean rmsd value of the Ca atoms for this
region between the two structures is 9.6 Å. Further, residues 359–365 not only show a different fold but also a different
secondary structure.
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4 Å resolution. In order to improve the diffraction
quality of the crystals, numerous mutations on
Gal-T1 were carried out and the mutants were
tested for crystallization. A single mutation,
Cys342 to Thr, resulted in a more stable protein
compared to the recombinant wild-type Gal-T1,
which crystallized readily in the presence of UDP-
Gal and MnCl2. Although these crystals diffracted
to 2.3 Å resolution at room temperature, under
cryo-conditions they diffracted poorly to a maxi-
mum resolution of only 2.8 Å (Table 1). Perhaps
this was due to the fact that these crystals were
grown in the presence of ammonium sulfate,
which limited the use of different cryo-protectants
during the data collection. In spite of the loss
of resolution, in the crystal structure a bound
molecule of UDP-Gal and Mn2þ could be located
very clearly from the electron density maps (see
below).

Conformation of Gal-T1 structure and
comparison with native structure

The overall structure of Gal-T1 determined here
is quite similar to its crystal structure of the apo-
enzyme.6 The superposition of these two structures
reveals a large deviation in the region comprising
residues 345–365 and the side-chain orientation of
Trp314 (Figure 1(a) and (b)). The native crystal
structure of Gal-T16 has been referred to as confor-
mation I9 and the present structure is called confor-
mation II. The mean root-mean-square deviation
(rmsd) on the Ca atoms between these two struc-
tures is 0.6 Å excluding the flexible region 345–
365, whereas for this region it is 9.6 Å (Figure
1(c)). The conformation of the flexible region in
the present crystal structure of Gal-T1 is quite
similar to that found in the crystal structures of
the Gal-T1·LA·substrate complexes,9 with a mean
rmsd value of only 0.6 Å for all residues. Between
the two conformations, I and II, this flexible region
not only exhibits a different fold but also differ-
ences in the secondary structure for several resi-
dues. In conformation II, residues 352–355 form a
turn, and residues 359–365 an a-helix (Figure
1(c)). In contrast, in conformation I they are in
random coil conformation. In conformation II
these structural elements are important for the
function of Gal-T1: the a-helix between the resi-
dues 359 and 365 for the binding of GlcNAc,9 as
well as for the binding of the extended sugar
acceptors (see below). Residues Ile345 and His365,
flanking this flexible region, appear to act like
hinges which enable the region to undergo confor-
mational changes between I and II. In fact, our pre-
liminary molecular dynamics simulation studies
suggest that the flexible region exhibits greater
mobility and flexibility compared to the rest of the
protein molecule (unpublished results).

It is highly unlikely that the observed confor-
mational differences between the two Gal-T1 struc-
tures are due to the mutation of the Cys342 residue
to Thr, since it has been shown that the crystal

Figure 2. (a) Side and (b) top view of Gal-T1 molecule
in conformation II, with the donor molecule, UDP-Gal
(black), and the acceptor molecule, GlcNAc (green)
assembled in a Gal-T1 molecule. The Mn2þ is shown as
a yellow sphere. The protein regions are shown in two
different colors to illustrate the domain structure. In con-
formation II, the catalytic pocket has been redefined,
since the sugar acceptor pocket and the LA binding site
in conformation I are only partially formed. A confor-
mational change is essential to fully form these sites. In
conformation I the protein was considered to be a single
domain protein,6 while in conformation II it can be
considered as a two-domain protein with the substrate
binding sites located between these domains from one
end of the molecule to the other end. The substrate
molecules bind in such a way that UDP-Gal binds at
one end of the molecule with its Gal moiety facing the
acceptor GlcNAc molecule, followed by the extended
sugar binding site. The composite structure of UDP-Gal
and GlcNAc bound substrates to Gal-T1 was constructed
based on their individual bound structures. The
GlcNAc binding was from the crystal structure of the
Gal-T1·LA·GlcNAc complex,9 and the UDP-Gal binding
is from the present crystal structure.
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structure of the C342T-Gal-T1 in the C342T-Gal-
T1·LA complex is the same as that of wild-type
Gal-T1 in the Gal-T1·LA complex.9 The present
results provide direct evidence that in the absence
of UDP-Gal, Gal-T1 exists in a conformation quite
similar to its native crystal structure (conformation
I), whereas in the presence of UDP-Gal it under-
goes conformational changes for the region com-
prising residues 345–365 and in the side-chain
orientation of Trp314 to conformation II. That
these conformational differences are not due to
different crystal packing is supported by the
results of the spectroscopic12 and photo-inacti-
vation studies,13 which suggested that Gal-T1
upon UDP-Gal and Mn2þ binding undergoes a
conformational change. Photo-inactivation studies
showed that UDP-Gal binding potentially protects
a single Trp residue from hydrolysis by UV
irradiation.13 The present crystal structure of the
Gal-T1·UDP-Gal complex supports this experi-

mental observation. In the native crystal structure
(conformation I), Trp314 is exposed to the solvent
environment, while in the present crystal structure
(conformation II), it is inside the catalytic pocket
interacting with the UDP-Gal molecule, which
most likely offers protection to Trp314 from UV
irradiation. Therefore, it is clear from these obser-
vations that they represent two true conforma-
tional states, I and II, of Gal-T1 and are not due to
the crystal environment or mutation.

Several protein regions in Gal-T1, which were
buried in conformation I, are exposed in confor-
mation II (see below), redefining the catalytic
pocket of the Gal-T1. In the structure of the native
Gal-T1,6 this has been defined as a cone-shaped
single domain protein containing a 13 Å wide
catalytic pocket. However, in conformation II, the
Gal-T1 molecule can be defined as a two-domain
protein, with the substrate binding sites located
between these two domains, which extend from

Figure 3. (a) A stereo view showing the difference electron density map for UDP-Gal and Mn2þ, contoured at 2s
level, to illustrate the ordered UDP-Gal molecule located in the crystal structure. (b) A stereo view showing the
molecular interactions of the Gal moiety of UDP-Gal with the Gal-T1 molecule. All the residues interacting with the
Gal moiety are highly conserved among the human Gal-T family members (data not shown). All the possible hydro-
gen-bonding interactions are shown in dotted lines. The axial O4 hydroxyl group of Gal does not strongly participate
in hydrogen-bonding interactions with the Asp318 side-chain carboxylate group (see Table 2), and is pointed towards
the acceptor binding site.
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one end to the other end of the molecule (Figure
2(a) and (b)). Earlier extensive site-directed muta-
genesis studies on Gal-T1 have been carried out
in several laboratories,14 – 16 including ours17.
Although the effect of several of the mutations on
the enzyme kinetics could be explained assuming
Gal-T1 to be in conformation I, not all the muta-
tional data fit the explanation. With the redefinition
of the catalytic pocket in conformation II, these
mutational data can now be explained successfully.
For example, the mutation of Trp314 was found to
abolish the catalytic activity of Gal-T1.14 In confor-
mation I, Trp314 is found outside the catalytic
pocket, and does not seem to participate in any
direct interactions with the donor or acceptor
molecule. In conformation II, Trp314 is found to
reside inside the catalytic pocket and is involved
in interactions with both the UDP-Gal and the
acceptor molecule.9 Similarly, Phe280 and Phe360
residues seem to affect the binding of GlcNAc
binding to Gal-T1.17 These two residues interact
directly with the GlcNAc molecule in conformation
II;9 hence, mutation of these residues is expected
to affect the binding of GlcNAc.17 In contrast, in
conformation I these residues are 14 Å apart and
the acceptor binding site is only partially present
(see below). Thus, the redefinition of the catalytic
pocket seems to fit all the mutational data on
Gal-T1.

UDP-Gal and Mn21 binding to Gal-T1

Although the binding of UDP and the acceptor
GlcNAc to Gal-T1 is well understood,9 the exact
nature of the binding of Gal moiety in UDP-Gal
could not be determined in the earlier studies.
Even though the present crystal structure is solved
only at 2.8 Å resolution, the UDP-Gal molecule
can be clearly located from the difference electron
density maps (Figure 3(a)). A Mn2þ is located
between the pyrophosphate group of UDP-Gal
and the protein molecule, exhibiting five coordi-
nations similar to that observed with UDP·Mn2þ

bound in the Gal-T1·LA complex.9 Of these, the
coordination with His347 is only possible in con-
formation II, since in conformation I the N11 atom
of His347 is nearly 12 Å away from the Mn2þ.
Based on enzyme kinetic studies, two metal ion
binding sites are present on Gal-T1, a primary site
to which a Mn2þ binds and a second site that

could bind either Mn2þ or Ca2þ.18 In the present
crystal structure the second metal ion binding site
could not be unambiguously located from the elec-
tron density maps. A DXD amino acid motif, found
in all the glycosyltransferases, is considered to be a
metal ion binding motif.19 In all the crystal struc-
tures of glycosyltransferases determined so far, the
Asp residues in the DXD motif coordinate with
the Mn2þ, either directly or through a water
molecule.20 – 24 In the present crystal structure, only
Asp254 in the DXD motif forms a coordination
bond with Mn2þ, whereas the side-chain carboxyl-
ate group of Asp252 is 6 Å away from the Mn2þ

and it forms hydrogen bonds with the O2 and O3
hydroxyl groups of the donor sugar galactose
(Figure 3(b) and Table 2).

As predicted earlier,9 the Gal moiety is found
deep inside the catalytic pocket, with all its
hydroxyl groups interacting with protein residues
(Figure 3(b) and Table 2). The O4 hydroxyl group
of the galactose moiety in UDP-Gal forms a hydro-
gen bond with the Glu317 side-chain carboxylate
oxygen atom, and this is similar to the binding of
UDP-Glc to Gal-T1.11 In addition to this hydrogen
bond, there is a weak hydrogen bond observed
between the O4 hydroxyl group and the Asp318
residue. This interaction is only possible in galac-
tose because in glucose the O4 hydroxyl group is
in an equatorial orientation, while it is axial in
galactose. The lack of an O4 hydroxyl group in the
axial orientation, as in the UDP-4-deoxy glucose
or UDP-glucose, or the modification at the O4
hydroxyl group, results in a reduced catalytic
efficiency (kcat) of Gal-T1.25,26 Thus, it appears that
the axial orientation of the O4 hydroxyl group,
which points towards the acceptor binding site, is
important for the efficient catalysis (kcat) of Gal-T1.
Gal-T1 has also been shown to transfer galactose
with O2 hydroxyl substitution such as O-methyl
or even N-acetylgalactosamine (GalNAc),26,27 but
with very low catalytic efficiency (kcat). Exami-
nation of the present crystal structure suggests
that in the vicinity of the O2 hydroxyl group of
galactose there is a small hydrophobic pocket
formed by residues Leu255, Met277 and Met344,
which can to some extent accommodate an
O2-hydroxyl group substitution. Also, it is evident
from the interactions between the side-chain car-
boxylate group of Asp252 and the O2 and O3
hydroxyl groups of galactose moiety (Table 2),

Table 2. Possible hydrogen bonding interactions of Gal moiety of UDP-Gal with Gal-T1

Atom in galactose Residue (atom) in Gal-T1 Distance (Å) in molecule 1 Distance (Å) in molecule 2

O2 Asp252(Od2) 2.78 3.02
O3 Asp252(Od2) 2.75 3.41

Asp252(Od1) 3.27 2.88
Gly292(N) 2.83 2.77

O4 Glu317(O11) 3.45 2.76
Asp318(Od1) 3.64 3.43

O6 Glu317(O12) 2.78 3.11
Gly315(N) 2.66 3.10
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that minor variations in the side-chain confor-
mation of Asp252 can facilitate the transfer of
galactose with substitution or modification at the
O2 hydroxyl group.

Conformational transition and creation of
GlcNAc and extended sugar binding site

Comparing the GlcNAc or Glc bound crystal
structures of the Gal-T1·LA complex9 with the
native Gal-T1 structure,6 it is clear that in confor-

mation I of Gal-T1, one part of the acceptor binding
site is buried and the other part is absent. In con-
formation II the binding site is fully formed.
Specifically, GlcNAc binding residues, Phe280 and
Tyr286, are partially buried in the conformation I
(Figure 4(a)), while in conformation II, these resi-
dues are well exposed (Figure 4(b)), their solvent
accessibility increased two- to threefold. In
the crystal structure of the Gal-T1·LA·GlcNAc
complex,9 the N-acetyl group of GlcNAc is seen
to bind to residues Arg359, Phe360 and Ile363,

Figure 4. (a) In conformation I, the flexible region (white) blocks the GlcNAc binding site (shown with molecular
surface diagram), residues 359–363 are in random coil conformation. (b) In conformation II, residues 359–363 are
present in an a-helix conformation which exposes the hidden GlcNAc binding site and the N-acetyl group binding
region. The GlcNAc binding to Gal-T1 is taken from the crystal structure of the Gal-T1·LA·GlcNAc complex.9 (c) and
(d) The oligosaccharide binding site edge view and the top view, respectively. In conformation II, not only the creation
of the GlcNAc binding site but also that of the extended sugar binding site can be seen. The average width and length
of this oligosaccharide binding site are 10 and 16 Å, respectively. This is the site where LA binds to Gal-T1 in order to
modulate its sugar acceptor specificity.9 The protein molecules are illustrated using the surface electrostatic potential
and it is mapped onto molecular surface from 210 (red) to þ10 kT (blue).
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present in an a-helix conformation. The presence
of these residues in an a-helix structure is impor-
tant as it is only in this conformation they can
form a hydrophobic pocket that facilitates the bind-
ing of the N-acetyl group.9 In conformation I, these
residues are in random coil conformation and bury
the GlcNAc binding site. In the present crystal
structure, even though there is no GlcNAc, its
binding site is fully present and is quite similar
to that observed in the crystal structure of the Gal-
T1·LA·GlcNAc complex.9 Therefore, these obser-
vations indicate that the conformational change
induced by UDP-Gal is essential for the creation
of the acceptor binding site on Gal-T1.

Defining the oligosaccharide binding site by
docking the substrates

Examination of the present crystal structure and
the GlcNAc binding site in the Gal-T1·LA·GlcNAc
crystal structure9 revealed an “open canal” shaped
extended sugar binding site, with an average
width and length of 10 and 16 Å, respectively, that
lies behind the GlcNAc binding site (Figure 4(c)
and (d)). This site is formed by the residues from
three regions: residues 280–289, residues 319–325,
and residues 359–368. In conformation I, the
region 359–368 is placed in such a way that there
is no oligosaccharide binding site. Therefore, it is

Figure 5. (a) Docking of both b-benzyl-GlcNAc and a-benzyl-GlcNAc to Gal-T1 in conformation II. The substrates
are shown in a conformation with least contact with Gal-T1 molecule. As can be seen, the a-benzyl group exhibits
steric hindrance with Gal-T1, while the b-benzyl group fits very well in the second sugar binding site; that is in agree-
ment with the enzyme kinetic data, which show that a-benzyl-GlcNAc is less preferred, compared to b-benzyl-
GlcNAc. (b) Binding of a biantennary N-glycan with GlcNAc at its non-reducing ends to Gal-T1. A stereo view
showing the GlcNAc of the a-1-6 arm of GlcNAcb1-2Mana1-6Manb1-4GlcNAcb1-4GlcNAcb- is bound in the GlcNAc
binding site on Gal-T1, while the a-1-3 arm is placed perpendicular to the N-glycan. In the a-1-6 arm bound confor-
mation, the torsional values for the four disaccharide linkages are: (1) (w, c) for the GlcNAcb1-2Man linkage is (1188,
1238); (2) (w, c, x) for the Mana1-6Man linkage is (21248, 1668, 1148); (3) (w, c) for the Manb1-4GlcNAc linkage is
(21138, 1358); and (4) (w, c) for the GlcNAcb-4GlcNAc linkage is (2988, 1208). In the oligosaccharide binding site, the
asparagine-linked GlcNAc of the chitobiose unit is pointed away from Gal-T1. The presence of the protein linked
to this GlcNAc may not influence or interfere with the oligosaccharide binding to Gal-T1. The protein molecules are
illustrated using the surface electrostatic potential.
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clear that a change in Gal-T1 from conformation I
to II is essential for the creation of an acceptor site
that would bind the extended sugar acceptor.
Since LA also binds to this region, as seen in the
crystal structure of the Gal-T1·LA complex,9 it can
be expected to compete with the GlcNAc-contain-
ing oligosaccharides such as chitobiose. Enzyme
kinetics show that when chitobiose is used as
the acceptor molecule, LA inhibits the catalytic
reaction. In fact, such an experiment is used to
determine the LA affinity (Ki) for Gal-T1. Detailed
enzyme kinetic studies have shown that disac-
charides, such as GlcNAcb,4-GlcNAc are preferred
ðKm ¼ 1:9 mMÞ over the monosaccharide GlcNAc
ðKm ¼ 5:1 mMÞ:2 These studies also show that of
the different GlcNAc-containing disaccharides, the

b-linked disaccharides such as GlcNAcb1,4-
GlcNAc or GlcNAcb1,2-Man are preferred over
a-linked disaccharides. Also, oligosaccharides
such as N-glycan is preferred ðKm ¼ 0:4 mMÞ over
(GlcNAc)4 ðKm ¼ 1:2 mMÞ:2 The presence of a pro-
tein or peptide attached to such N-glycans does
not influence the binding of an oligosaccharide.2

Thus, all these experimental observations indicate
that an extended oligosaccharide binding site
exists on Gal-T1. Taking into consideration
these experimental results, we have carried out a
modeling study using various disaccharides and
N-glycans to probe the size and the nature of the
oligosaccharide binding site in Gal-T1. These
modeling studies were carried out using the simple
docking method (described in Materials and

Figure 6. Sequence comparison of
the human Gal-T family members
at the oligosaccharide binding site.
Although the overall sequence
identity between Gal-T5 and
Gal-T6 is 92%, the sequences at the
oligosaccharide binding site show
differences between these family
members. Residues shown in bold
are those that constitute the oligo-
saccharide binding site.

Figure 7. (a) The two Gal-T1
molecules in the asymmetric unit
are related by a pseudo-2-fold
symmetry, forming a homo-dimer.
The dimerization interactions are
through the C-terminal b10 sheet
of each molecule, forming an inter-
molecular antiparallel b-sheet. The
N termini of these two homo-
dimers face in the same direction.
It seems unlikely that the presence
of the stem, transmembrane and
the cytoplasmic domains would
interfere with the dimerization.
(b) Based on the crystal structures
a schematic diagram showing the
likelihood of the assembly of two
Gal-T1 molecules in the Golgi (a).
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Methods); no energy minimization was carried on
either of the molecules. It was found that GlcNAc
with an a-linked substitution, such as a-benzyl-
GlcNAc, cannot bind to Gal-T1 because of severe
steric contacts with the highly conserved Tyr286
residue, whereas GlcNAc with a b-linked substi-
tution such as b-benzyl-GlcNAc can bind without
any steric hindrance (Figure 5(a)). Docking of a
biantennary-glycan with GlcNAc at its reducing
ends in the extended sugar binding site reveals
that the acceptor binding site in Gal-T1 can accom-
modate a linear pentasaccharide all the way
from the GlcNAc moiety to the asparagine-linked
GlcNAc. The binding site can also accommodate
either the a-1-6 arm (GlcNAcb1-2Mana1-6
Manb1-4 GlcNAc b1-4 GlcNAcb-N) (Figure 5(b))
or a-1-3 arm (GlcNAcb1-2Mana1-3Manb1-4 GlcNAc
b1-4 GlcNAc b-N) (not shown) of the N-glycan
without any steric hindrance.

In glycoproteins and glycolipids, the N-acetyl-
lactosamine (Galb1-4GlcNAc) moiety is found in a
variety of oligosaccharides, such as N-glycan, type
1 or 2 core sugars. In humans, Gal-T family
members are responsible for the synthesis of Gal
moiety of a variety of the different oligosaccharides.3

This implies that these enzymes also recognize the
remaining monosaccharide units of the oligosac-
charide moiety to which GlcNAc is attached. There-
fore, the oligosaccharide binding site defined on
bovine Gal-T1 will be important in elucidating the
specificity of human Gal-T family members. The
protein sequence comparison of the GlcNAc bind-
ing site of the Gal-T family members reveals little
or no variation among the family members, whereas
the extended oligosaccharide binding region
showed significant variations (Figure 6), indicating
that each enzyme may prefer different GlcNAc
containing oligosaccharide as its preferred sugar
acceptor. However, investigations into the exact
nature of their preferences, based on the homology
modeling and the crystal structure determination
of human Gal-T family members, are underway.

Dimerization of Gal-T1 and its relevance
to Golgi

In the crystal structure, two Gal-T1 molecules are
present in the asymmetric unit. They are related by
a pseudo-2-fold symmetry, forming homo-dimers
(Figure 7(a)). The dimerization is through the
formation of an intermolecular antiparallel b-sheet
through the b10 sheet of each molecule, with eight
hydrogen bonds between these two sheets. Such
dimerization is also consistently observed in all
the crystal structures of Gal-T1 complex with LA.9

In the Gal-T1 homo-dimers, a total of 424 Å2

solvent accessible surface is hidden between the
two Gal-T1 molecules. This is quite significant
when compared to that of Gal-T1 and LA bound
heterodimer where 1310 Å2 solvent accessible sur-
face is buried between Gal-T1 and LA molecules.
It has been suggested, based on the biochemical
studies, that in the Golgi apparatus Gal-T1 exists

as a dimer.28 Although the Gal-T1 molecules in the
native crystal structure6 also form a dimer, the
dimerization involves residues in the catalytic
pocket, and the mode of dimerization is different
from that observed in the present studies. In the
present study and in all the Gal-T1·LA complex
structures, the dimerization region is found to be
away from the catalytic pocket, as well as from
the LA binding site (Figure 7(a)). Furthermore, the
N-terminal in these structures is also away from
the homo-dimers, indicating that the presence of
the stem, the transmembrane and the cytoplasmic
domains would not interfere in the dimerization.
Thus, it seems that the dimers described here are
likely to be similar to the dimerization of Gal-T1
in the Golgi, where the catalytic pockets and LA
binding sites of the two monomers face away
from each other, thereby facilitating the binding of
the substrates and LA without dissociating into
monomers (Figure 7(b)).

Conclusion

The present study: (1) describes the detailed
binding of Gal moiety of the donor molecule,
UDP-Gal, to Gal-T1; (2) reveals the oligosaccharide
binding site on Gal-T1; and (3) shows that the
binding of UDP-Gal alone induces a conforma-
tional change in Gal-T1. The change in confor-
mation creates not only the GlcNAc binding
pocket on Gal-T1, but also a site that can bind the
extended sugar acceptor, its natural substrate. The
sugar binding site can accommodate an N-glycan,
pentasaccharide in length. Sequence comparison
of the human Gal-T family members shows
sequence variations in their oligosaccharide bind-
ing site, which would account for their respective
preferences for different oligosaccharides.

Materials and Methods

Crystallization and crystal data

C342T-Gal-T1 protein was prepared and purified as
described.10 Crystals of the catalytic domain of the
recombinant bovine Gal-T1, residues 130–402 (d129-
Gal-T1) (Mr,33 kDa) and the mutant C342T were
grown at room temperature by hanging drop methods,
using 20 mg ml21 of Gal-T1 in the presence of 17 mM
UDP-Gal and 17 mM MnCl2 with the precipitant con-
taining 10% (v/v) dioxane, Mes-NaOH buffer 100 mM
(pH 6.5) and 2–2.5 M ammonium sulfate. Since the crys-
tals of wild-type diffracted very poorly (only at 4–7 Å
resolution), C342T mutant crystals were used. Although
the crystals diffracted to 2.3 Å resolution at room
temperature, they diffracted to a maximum resolution
of 2.8 Å at 100 K. For room temperature measurements,
typically a C342T mutant crystal of 0.15 mm £ 0.15
mm £ 0.4 mm dimension was mounted in a glass capil-
lary with mother liquid on one side. The crystals were
tested using CuKa radiation, on an in-house X-ray
facility with a 30 cm MAR research imaging plate
mounted on a rotating anode X-ray generator operating
at 50 kV and 100 mA. Since the crystals exhibited severe
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radiation damage in less than an hour, data could not be
collected at room temperature. Trials using a number of
cryo-protectants showed that the best data up to only
2.8 Å resolution could be collected at 100 K using an
cryo-protectant containing the precipitant and 20%
(w/v) sucrose. Complete three-dimensional X-ray dif-
fraction data were collected at beam line X9B, NSLS,
BNL, using a Quantum-4 ccd detector. The crystal data,
data collection statistics are given in Table 1. The frames
were processed using DENZO.29

The crystal structures were solved by molecular
replacement methods using AmoRe.30 The crystal struc-
ture of Gal-T1 from the lactose synthase9 with neither
the substrate nor LA, was used as a model for molecular
replacement. The two protein molecules of a dimer in the
asymmetric units are related by a pseudo-2-fold sym-
metry. Although initial refinement with and without
NCS restraint did not show any significant difference in
Rfree, due to the low resolution, NCS restraint was used
throughout the refinement. After initial refinement, the
difference electron density maps revealed the presence
of a UDP-Gal molecule and Mn2þ bound to the Gal-T1.
The models were fitted into the electron density using
O.31 Further refinements were carried out using simu-
lated annealing followed by B-group refinement. In the
B-group refinement, the main and the side-chain atoms
in each residue are considered as two individual groups.
The model was corrected for any deviations based on the
omit electron density maps. The coordination distances
for a Mn2þ were not restrained. Due to the lack of an
adequate number of reflections, only B-group refinement
was carried out throughout the refinement stages. All the
refinements were carried out initially by X-PLOR3.85,
followed by CNS1.0.32 The final refinement statistics are
given in Table 1. All Figures were drawn using MOLSC-
RIPT33 and GRASP.34

Docking studies

Docking of various di- and oligosaccharides into
Gal-T1 were carried out using InsightII molecular
modeling package (MSI, CA) on an Indigo2 workstation
(SGI, CA). The coordinates for the ligands were gener-
ated using standard geometry and the bond angle at the
glycosidic oxygen was set to 117.58.35 All the protein and
ligand atoms were considered explicitly. In all the
docking studies, the conformation and orientation of
GlcNAc in the primary binding site were fixed as
observed in the Gal-T1·LA·GlcNAc complex, since
Gal-T1·GlcNAc interactions were found to be optimized
for binding and catalysis in this complex.9 The confor-
mation of the ligand was varied in the Gal-T1 binding
site by systematically scanning the entire stereo-
chemically allowed region of the ligand. For each
ligand conformation, inter-molecular interaction energy
between Gal-T1 and the saccharide was calculated using
the Discover module of InsightII. The CVFF force field
was used for energy calculations and only residues
within 9 Å from any of the ligand atoms were considered
for energy calculations. The total energy, comprising
inter-molecular protein–ligand interaction energy and
intra-molecular ligand energy, was used as a guide in
determining the possible allowed conformations of the
ligand in the binding site.

Protein Data Bank accession numbers

The coordinates have been deposited under PDB ID
code 1KYB.
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